I[NTRODUCTION]{.smallcaps} {#sec1-1}
==========================

Cardiac arrest (CA) is the cessation of cardiac mechanical activity, which is confirmed by the absence of signs of circulation.\[[@ref1][@ref2]\] Brain injury after CA is triggered by hypoxic-ischemia and reperfusion.\[[@ref3]\] Morbidity and mortality after resuscitation largely depend on the recovery of brain function.\[[@ref4]\] Based on a study of CA patients who survived to the intensive care unit admission, 61.5% of patients died in hospital, and 46.0% of the death cause was neurological injury.\[[@ref5]\]

Cardiac and respiratory etiologies account for vast majority of CAs in clinical. Ventricular fibrillation CA (VFCA) and asphyxia CA (ACA) are the two most used animal models, representing cardiac and respiratory etiologies respectively.\[[@ref6]\] Up to now, most studies have focused on VFCA, studies on ACA are relatively few.\[[@ref7][@ref8]\] Results from using VFCA models have been largely different with ACA models.\[[@ref6][@ref9][@ref10]\] So, there is clearly a need to characterize the features of postresuscitation cerebral metabolism of both models under identical experimental conditions. For this purpose, we designed this study to focus on the cerebral metabolism in both models, neurologic outcome and biochemical markers of brain injury were also assessed.

M[ETHODS]{.smallcaps} {#sec1-2}
=====================

This study was performed with the approval of the Animal Care and Use Committee of the Chao-Yang Hospital of Capital Medical University. Anesthesia was used in all surgical interventions. All CA data were collected implementing the updated Utstein reporting guidelines.\[[@ref11]\]

Animals preparation {#sec2-1}
-------------------

Forty-four Wuzhishan inbred miniature pigs (provided by Chinese Academy of Agricultural Sciences, 6--8 months of age, 20.5 ± 1.5 kg) were randomly divided into three groups with the use of sealed envelopes: VFCA group (*n* = 18, weighing 20.4 ± 1.4 kg), ACA group (*n* = 18, weighing 20.8 ± 1.6 kg) and the sham-operated group (SHAM group, *n* = 8, weighing 20.2 ± 1.1 kg).

Before experiments, all animals were under standard condition of temperature (25°C ± 2°C), controlled humidity (relative humidity 60% ± 5%) and 12 h-light/dark cycle. Prior to procedures, pigs were fasted overnight except for free access to water.

After premedication with intramuscular injection of ketamine (10 mg/kg), anesthesia was induced by intravenous (IV) administration of propofol (1.0 mg/kg) and maintained by injection of propofol (9 mg·kg^-1^·h^-1^) and fentanyl (1 μg/kg/h). Following endotracheal intubation, animals were mechanically ventilated using a Servo 900C ventilator (Siemens, Berlin, Germany) with a tidal volume of 8 ml/kg, inspired oxygen fraction of 0.21 and respiratory frequency of 12 breaths/min. The end-tidal carbon dioxide pressure was monitored by a CO~2~SMO Plus monitor (Respironics Inc., Murrysville, PA, USA) and maintained between 35 and 40 mmHg by adjusting the parameters of the ventilator. A 7F Swan-Ganz catheter (Edwards Life Sciences, Irvine, USA) was advanced from the left femoral vein to the pulmonary artery to obtain mixed venous blood samples and measure right atria pressure. A 5F pacing catheter was placed in the right internal jugular vein into the right ventricle to induce ventricular fibrillation (VF). A fluid-filled catheter was advanced from the left femoral artery into the thoracic aorta to measure aortic pressure.

Experimental protocol {#sec2-2}
---------------------

To achieve a stable resting level, the animals were allowed to stabilize for 30 min after surgery and the baseline values were obtained. To avoid gasping, animals were paralyzed with 0.2 mg/kg cisatracurium.

Establishment of cardiac arrest models {#sec2-3}
--------------------------------------

In the VFCA group, VF was induced by programmed electric stimulation as previously described elsewhere by Wu *et al*.,\[[@ref12]\] using an electrical stimulator (GY- 600A; Kaifeng Huanan Equipment Co., Ltd., Henan, China) programmed in the S1S2 protocol (300/200 ms), 40 V, 8:1 proportion, and −10 ms step length, and was verified by electrocardiogram and blood pressure. Mechanical ventilation was ceased while inducing VF.

In the ACA group, asphyxia was induced by clamping of the endotracheal tube after mechanical ventilation was removed. ACA was defined as an aortic systolic pressure of \<30 mmHg.\[[@ref13]\] The endotracheal tube was reopened in the ACA group after asphyxia had been successfully induced.

Anesthetic administration in both groups was ceased after CA had been induced.

Cardiopulmonary resuscitation and advanced life support {#sec2-4}
-------------------------------------------------------

For both VFCA and ACA animals, mechanical ventilation was resumed with 100% oxygen after 8 min of untreated CA, and cardiopulmonary resuscitation (CPR) was initiated manually at a frequency of 100 compressions/min. In all animals, chest compressions were performed by the same investigators. A HeartStart MRx Monitor/Defibrillator with Q-CPR (Philips Medical Systems, Best, Holland) was adopted to control the quality of chest compressions.

After 2 min of CPR, epinephrine (0.02 mg/kg) was administered by IV injection. After another 2 min of CPR, if VF occurred, defibrillation (Smart Biphasic, Philips Medical Systems, Best, Holland; 3 J/kg) was attempted. CPR was continued for a further 2 min if spontaneous circulation was still not achieved, and then defibrillation was attempted once more (energy was increased in 1 J/kg increments). In 30 min, the above sequence continued until restoration of spontaneous circulation (ROSC) was achieved. ROSC was defined as aortic systolic pressure greater than 50 mmHg that was continuously sustained for at least 10 min. If ROSC was not achieved within 30 min, CPR was ceased and the animals were regarded as dead.

Pigs in the SHAM group underwent anesthesia, surgery, mechanical respiration and 8 min ventilation withheld, without CA initiation and CPR.

After ROSC, advanced life support was followed. 10 ml·kg^−1^·h^−1^ normal saline was given intraoperatively to all animals for replenishing fluid losses. The animals underwent intensive care for 6 h. At the end of 6 h postresuscitation monitoring, all catheters were removed. After adequate inspiration depth was ascertained, the animals were extubated. The animals were allowed to recover from anesthesia, and were then placed in observation areas and monitored for a further 18 h.

Measurements {#sec2-5}
------------

**Biochemical markers of brain injury**

Venous blood samples were taken at baseline, 1, 2, 4, 6, and 24 h after ROSC. Blood was centrifuged at 2000 × g for 20 min. The isolated serum was immediately frozen at − 80°C and stored until the time of assay. Enzyme-linked immunosorbent assay kits (Rapid Bio, USA) were used for determination of serum neuron specific enolase (NSE) and S100β.

**Neurological deficit scores**

Neurological function in pigs was evaluated according to the method of neurological deficit scores (NDS) at 24 h after ROSC.\[[@ref14]\] The NDS was scored from 0 (no neurological impairment) to 400 (death or brain death). Investigators who examined and confirmed NDS were blinded to the groups.

**Cerebral metabolism imaging**

On the end of NDS evaluation at 24 h after ROSC, the animals were positioned prone on the scanning table following intramuscular injection of ketamine (8 mg/kg) and ear vein injection of propofol (1.0 mg/kg). Cerebral metabolism was assessed by ^18^F-fluorodeoxyglucose (FDG) positron emission tomography/computed tomography (^18^F-FDG PET/CT, GE Discovery STE, GE Healthcare, Waukesha, WI, USA). The imaging tracer (^18^F-FDG, 5.55 mBq/kg, \>95% purity coefficient generated, HTA, Co., Ltd., Beijing, China) was injected into the vein 40 min before imaging. CT images were reconstructed with a 3.75-mm section thickness at 3-mm intervals. PET scan was performed following CT scan. 3D-surface rendering technology was used to visualize the region of interest (ROI; diameter 0.3 cm) and the maximum standardized uptake value (SUVmax) of the parietal lobe, frontal lobe, brain stem and cerebellum were measured by two nuclear medicine physicians blinded to the groups. SUV = (peak kBq/ml in ROI)/(injected activity/gram body weight).

**Brain ultramicrostructure**

Upon completion of the PET/CT scan, surviving animals were euthanized with potassium chloride (20 ml of 10 mol/L) intravenously. The brain was immediately removed by craniotomy and divided midsagittally. For morphologic examination, the frontal cortex was collected on ice and preserved in 10% formaldehyde and 4% paraformaldehyde. The ultramicrostructure of brain tissue was observed using transmission electron microscopy (H-7650; Hitachi, Ibaraki, Japan).

Statistical analysis {#sec2-6}
--------------------

Statistical analysis was performed with SPSS 17.0 software (SPSS, Chicago, IL, USA). Continuous data were presented as mean ± standard deviation. One-way repeated-measures analysis of variance (ANOVA) was used to determine differences over time within groups. One-way ANOVA was used to determine differences between groups and the Bonferroni\'s test for multiple comparisons. The Fisher\'s exact test was used to compare discrete variables (ROSC and 24-h survival rates). *P* \< 0.05 was considered statistically significant.

R[ESULTS]{.smallcaps} {#sec1-3}
=====================

Characters of resuscitation {#sec2-7}
---------------------------

The CPR duration in the VFCA group was shorter than that in the ACA group (4.5 ± 1.1 min vs. 8.1 ± 1.2 min, *P* \< 0.01). ROSC rate was higher in the VFCA group than in ACA animals (94.4% vs. 61.1%, *P* \< 0.01). Fewer animals survived at 24 h post-ROSC in the ACA group than in VFCA group (38.9% vs. 77.8%, *P* \< 0.01), while 100% (8/8) pigs in the SHAM group survived.

Neurological outcome {#sec2-8}
--------------------

All animals enrolled in the evaluation of NDS (*n* = 18 in the VFCA group, ACA group, respectively, *n* = 8 in the SHAM group) The NDS was significantly higher in the ACA group when compared with the VFCA group at 24 h after ROSC \[*P* \< 0.01; [Figure 1](#F1){ref-type="fig"}\], verifying that animals in VFCA group had better neurological outcome.

![Comparisons of neurological outcome at 24 h after restoration of spontaneous circulation. SHAM: Sham-operated; VFCA: Ventricular fibrillation cardiac arrest group; ACA: Asphyxiation cardiac arrest group. \**P* \< 0.01 versus SHAM group; ^†^*P* \< 0.01 versus ACA group (*n* = 18 in the VFCA group, ACA group, respectively, *n* = 8 in the SHAM group).](CMJ-128-1643-g001){#F1}

Biochemical markers of brain injury {#sec2-9}
-----------------------------------

There was no significant difference in serum NSE and S100β at baseline among three groups \[*P* \> 0.05; [Figure 2](#F2){ref-type="fig"}\]. Serum NSE and S100β significantly increased after ROSC in VFCA and ACA groups compared with SHAM \[*P* \< 0.05 or *P* \< 0.01; [Figure 2](#F2){ref-type="fig"}\]. However, serum NSE and S100β were higher in the ACA group than in the VFCA group at various time points after ROSC \[*P* \< 0.01; [Figure 2](#F2){ref-type="fig"}\] (*n* = 14 in the VFCA group, *n* = 7 in the ACA group, *n* = 8 in the SHAM group).

![Comparison of biochemical markers within 24 h after restoration of spontaneous circulation (mean ± standard deviation) SHAM: Sham-operated; VFCA: Ventricular fibrillation cardiac arrest group; ACA: Asphyxiation cardiac arrest group. \**P* \< 0.05 and ^†^*P* \< 0.01 vs. baseline; ^‡^*P* \< 0.05 and ^§^*P* \< 0.01 vs. SHAM group; ^\|\|^*P* \< 0.01 vs. ACA group (*n* = 14 in the VFCA group, *n* = 7 in the ACA group, *n* = 8 in the SHAM group).](CMJ-128-1643-g002){#F2}

Glucose metabolism of brain tissue {#sec2-10}
----------------------------------

The dosages of propofol and levels of blood glucose among three groups did not differ before PET/CT scans \[*P* \> 0.05; [Table 1](#T1){ref-type="table"}\].

###### 

Comparisons of propofol dosage and blood glucose before PET/CT scan (mean ± SD)

  Groups   *n*   Propofol dosage (mg)   Blood glucose (mmol/L)
  -------- ----- ---------------------- ------------------------
  SHAM     8     24.9 ± 2.7             7.7 ± 0.6
  VFCA     14    23.8 ± 2.4             7.9 ± 0.8
  ACA      7     22.9 ± 2.2             8.2 ± 0.8

SHAM: Sham-operated; VFCA: Ventricular fibrillation cardiac arrest; ACA: Asphyxiation cardiac arrest; SD: Standard deviation; PET: Positron emission tomography; CT: Computed tomography.

[Figure 3](#F3){ref-type="fig"} shows the images of PET/CT scan after 24 h of ROCS. Compared with SHAM, the SUVmax of the parietal lobe, frontal lobe, brain stem and cerebellum decreased in both VFCA and ACA groups at 24 h post-ROSC \[*P* \< 0.01; [Figure 4](#F4){ref-type="fig"}\]. In the ACA group, SUVmax of different regions were lower than those in the VFCA group \[*P* \< 0.05 or *P* \< 0.01; [Figure 4](#F4){ref-type="fig"}\] (*n* = 14 in the VFCA group, *n* = 7 in the ACA group, *n* = 8 in the SHAM group).

![Image of an individual positron emission tomography/computed tomography scan at 24 h after restoration of spontaneous circulation. (a) sham-operated group; (b) ventricular fibrillation cardiac arrest group; (c) asphyxiation cardiac arrest group.](CMJ-128-1643-g003){#F3}

![Comparison of cerebral metabolism 24 h after restoration of spontaneous circulation (mean ± standard deviation). SHAM: Sham-operated; VFCA: Ventricular fibrillation cardiac arrest group; ACA: Asphyxiation cardiac arrest group. \**P* \< 0.01 versus SHAM group; ^†^*P* \< 0.05, ^‡^*P* \< 0.01 versus ACA group (*n* = 14 in the VFCA group, *n* = 7 in the ACA group, *n* = 8 in the SHAM group).](CMJ-128-1643-g004){#F4}

Brain ultramicrostructure {#sec2-11}
-------------------------

The ACA group showed obvious nerve cell damage, including loss of normal nerve cell form, presence of nuclear deformation and solid shrinkage. Animals in VFCA exhibited little intracellular damage at 24 h after ROSC \[[Figure 5](#F5){ref-type="fig"}\].

![Brain ultramicrostructure of the frontal cortex tissue by electron microscopy (×5000). (a) ventricular fibrillation cardiac arrest group; (b) asphyxiation cardiac arrest group.](CMJ-128-1643-g005){#F5}

D[ISCUSSION]{.smallcaps} {#sec1-4}
========================

Here we present this study to characterize the features of postresuscitation cerebral metabolism of the both VFCA and ACA models. The main findings of the present study include: Fewer ACA animals achieved ROSC and survived 24-h post-ROSC compared with the same duration of VF arrest; the CPR duration was longer in ACA; brain tissue suffered more severe cerebral metabolism disorders in ACA, with higher levels of serum biochemical markers and worse neurological outcome.

Vaagenes *et al*.\[[@ref10]\] reported that ROSC was difficult to achieve in VFCA dogs (84%) than in ACA dogs (100%) and the functional brain damage caused by VFCA is similar to that caused by ACA, which is in contrast to the result of this study. Two possible explanations may account for this disparity. The first possibility is the different duration of CA before CPR in the Vaagenes study (10 min for VFCA, while only 7 min for ACA). The second was the different animal species used in previous study. In this study, the same period of 8 min without treatment after CA induction was adopted because resuscitation could not be performed only by compression and mechanical ventilation in the 7--9 min ACA model.\[[@ref15]\]

Biochemical markers of brain injury (NSE, S100β) were adopted in this study to evaluate the degree of postresuscitation brain injury. Serum NSE is significantly positively related with neuronal cell death, while serum S100β is a sign of blood brain barrier damage, related with the severity of glial cell damage.\[[@ref16]\] High serum levels of NSE and S100β can predict severe neuronal injury in resuscitation.\[[@ref17][@ref18]\] In this study, serum levels of NSE and S100β in two resuscitation groups increased within 24 h after ROSC compared with baseline and the SHAM group at the same time, and both NSE and S100β in the ACA group were much higher than in the VFCA group \[[Figure 2](#F2){ref-type="fig"}\]. These results indicate that cerebral damage was more severe in ACA than in VFCA.

^18^F-fluorodeoxyglucose PET/CT was adopted to investigate the cerebral metabolic activity in three groups. Glycometabolism has a close relationship with neuronal activity because glucose is the only energy source of brain cells.\[[@ref19]\] ^18^F-FDG PET/CT is used as an *in vivo* quantitative method to noninvasively measure glucose use in different brain regions, and has been suggested as a useful index of residual brain tissue function after anoxia.\[[@ref20][@ref21]\] Schaafsma *et al*.\[[@ref22]\] has verified decreased cerebral glucose metabolism in VFCA patients by PET at 24 h after ROSC, while no obvious hypoxia changes were found by CT and MRI. However, the cerebral glucose metabolism of ACA patients is still unknown.

In this study, because propofol is known to influence PET/CT results,\[[@ref23]\] we measured dosage of propofol in all groups before the PET/CT scan and no differences were found among groups. ^18^F-FDG competes with glucose for transportation into the cells phosphorylated.\[[@ref24]\] Thus, levels of blood glucose were also measured before PET/CT scan to avoid influence of blood glucose on SUVs, and no significant differences among groups were found \[[Table 1](#T1){ref-type="table"}\].

At 24 h after ROSC, consistent with the Schaafsma study,\[[@ref22]\] we found cerebral metabolism in VFCA animals decreased compared with SHAM animals. The abnormal glycometabolism after CA involved both the anterior (parietal lobe and frontal lobe) and posterior circulation (cerebellum and brain stem) regions. These results support the view that CA is a model of global hopoxic-iscimia brain injury. We further found that cerebral glycometabolism in the ACA group decreased more obviously than in the VFCA group, indicating that neuronal activity decreased more seriously in the ACA model. This finding is consistent with our results concerning the NDS and levels of serum biochemical markers of brain injury.

The differences between ACA and VFCA models may partly explain the more severe brain injure in ACA. During VF, ischemia is sudden and complete while the development of ACA is gradual. So, global hypoxia and hypercarbia can fully develop during ACA before resuscitation, and the cellular energy stores were critically depleting.\[[@ref15]\] In this study, CPR duration was much longer in ACA than in VFCA. It is recognized that long duration of the CPR is associated with decreased rate of ROSC and worse neurological outcome.\[[@ref25]\] Therefore, the longer CPR duration in ACA may partly explain the more severe brain damage.

Some limitations of this study should be noted. This study was performed on healthy animals, whereas most VFCA patients have underlying diseases. Furthermore, we only evaluated outcomes at 24 h post-ROSC, a further study looking at 72 h or longer might help refine the evidence.

In conclusion, Compared with the same duration of VF arrest, ACA animals experienced more severe cerebral metabolism injuries with less successful resuscitation and worse neurological outcome.
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